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ABSTRACT

The recent development of bulk metallic glasses (BMG’s) offers the potential for
metallic material systems with dramatically improved mechanical properties. Tensile
strengths of 2 GPa and toughnesses of up to 55 MPavm have been reported. These
high strength and toughness values are accompanied by remarkably little plastic
deformation. Until recently, little work has been undertaken to elucidate the fundamental
deformation and fracture mechanisms of these alloys. This technical report describes a
three year program of study designed to characterize the mechanisms of deformation,
fracture and fatigue of a Zr-based BMG under a range of stress state, environmental and

fatigue loading conditions.

RESEARCH OBJECTIVE

The objective of our program was to provide a fundamental understanding of the
mechanical and fracture properties of amorphous metallic alloys and to provide a
rational basis for improving reliability and predicting long term life. Our approach has
been centered around systematic efforts to characterize and understand yielding,
constitutive behavior and plasticity under multiaxial loading and the fracture toughness,
fatigue crack-growth resistance and creep behavior under selected environmental and

temperature conditions.




OBJECTIVE OF AFOSR PROGRAM

The objective of our program was to provide a fundamental understanding of the
mechanical and fracture properties of amorphous metallic alloys and to provide a
rational basis for improving reliability and predicting long term life. Our approach has
been centered around systematic efforts to characterize and understand yielding,
constitutive behavior and plasticity under multiaxial loading and the fracture toughness,
fatigue crack-growth resistance and creep behavior under selected environmental and
temperature conditions.

PROGRESS

Plasticity Studies

Although the mechanical behavior of metallic glasses has been extensively
studied, the precise nature of the deformation mechanisms in these amorphous metals
remains unclear. Flow in metallic glasses is extremely inhomogeneous at high stresses
and low temperatures; the inhomogeneous nature of the deformation is manifested in
the serrated plastic flow exhibited by a metallic glass sample tested in uniaxial
compression. Serrated flow is characterized by repeating cycles of a sudden stress drop
followed by elastic reloading as shown in Figure 1. Flow in metallic glasses appears to
be related to a local change in viscosity in shear bands near planes of maximum shear;
there are two hypotheses as to why this may be the case. The first suggests that, during
deformation, the viscosity within the shear bands decreases due to the formation of free
volume, which in turn decreases the density of the glass [1]. The second hypothesis
contends that local adiabatic heating up to the glass transition temperature, or even the
melting temperature, occurs, decreasing the viscosity by several orders of magnitude [2].
In both cases, a change in viscosity localizes the deformation and leads to
inhomogeneous flow. The aim of this work was to differentiate between these two
deformation mechanisms by studying serrated flow in detail.

We have studied the serrated plastic flow observed in ZrsTis4Ni;oCus2Bezs and
Pd.oNisP20 bulk metallic glass alloys tested in uniaxial compression [3,4,5]. Quantitative
measurements with sufficient temporal resolution to record the fine—-scale structure of
the data have been made. These data are used to predict temperature increases in
single shear bands due to local adiabatic heating caused by the work done on the
sample during plastic deformation. Since the predicted temperature increases are on
the order of only a few degrees Kelvin (or a few tens of degrees if flow is assumed to
occur in a discrete zone of material along the slip band), it seems unlikely that localized
heating is the primary cause of flow localization. Instead, changes in viscosity
associated with increased free volume in the shear band seem more consistent with
experiment. Substantial shear band heating is, however, predicted for final failure, as
corroborated by evidence of melting on the fracture surface.

Microscopy of metallic glass samples tested in uniaxial compression indicates
that the shear bands are oriented at an angle of 42 degrees to the loading axis as shown
in Figure 2. This deviation from the plane of maximum resolved shear suggests that the
normal stress acting across the shear plane influences the deformation of metallic
glasses. Such a normal stress dependence supports the free volume theory of
deformation.
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Figure 1. Load as a function of time in
serrated flow region in Pd4oNisP2o tested
in uniaxial compression.

Figure 2. Scanning electron micrograph
of shear bands in a ZrsgTi4Ni;oCusBeyy
sample tested in uniaxial compression.
The shear bands are perpendicular to
the loading axis on one side of the
sample and are oriented at an angle of
42 degrees to the loading axis on the
adjacent side of the sample.

Stress State and Temperature Effects on Shear Band Formation

In an effort to study the viscosity decrease
associated with shear band formation and
plasticity, we have included the effects of
temperature and stress state in a model for
flow localization [6,7]. The effect of a
superimposed compressive and tensile
mean stress in this model is in excellent
agreement with experimental results, as
shown in Figure 3. For tensile stress
states, experimental results indicate that
failure occurs at a critical mean stress of
~0.9 GPa. The model includes an elastic
response of the free volume to the
imposed mean stress that is asymmetric
about zero mean stress. By determining
the dilatation due to this mean stress, and
comparing this with the dilatation due to
thermal expansion, we have shown that a
mean stress of 0.9 GPa is equivalent to a
temperature increase of 260 K. That is,
the free volume dilatation at the critical
mean stress is almost the same as that
due to heating to the glass transition
temperature. This has a significant impact
on the viscosity of the material.
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Figure 3. Correlation between the free
volume model developed in this study and
the mean and effective stresses measured
for a range of stress states. Eqn. 9a and
9b refer to tensile and compressive mean
stresses, respectively [7].




The first direct experimental evidence of the limited extent of adiabatic heating in
the plastic zone ahead of a Mode | crack under nominal loading rates was also
determined [8]. Several crack growth sequences were captured using a thermal imaging
system as the crack propagated and arrested. A representative image is presented in
Figure 4. A maximum temperature of 22.5 K above ambient was measured near the
initial crack tip. The crack extended ~0.9 mm by unstable fracture until arrest in a time of
less than 20 ms before the image shown. Using a heat dissipation model, we estimate
that the fracture occurred 5 ms before the image shown, and the lower bound crack
velocity was 175 mm/s. Additionally, the dissipation model indicates that the crack tip
temperature change at initiation was ~54.2 K. This is in excellent agreement with the
Rice and Levy model which indicates that the temperature rise at a crack propagating at
175 mm/s is 56.5 K for an applied stress intensity of 21 MPavm.

While these temperature rises are insufficient to cause localized melting, it is
evident from the fractography that softening did occur, causing the familiar vein patterns.
More recent thermal images obtained during Mode Il loading are shown in Figure 5 [9].
Small (~ 0.5 K) transient temperature increases were repeatedly measured ahead of the
crack tip along the plane of maximum shear, beginning at K, = 77.3 MPavm. However,
there was no apparent crack growth coincident with these heating events. The
temperature increases were associated with shear band propagation from the crack tip
and subsequent arrest. Unstable fracture occurred at K, = 79.5 MPavm along the same
plane. A maximum temperature of 17.8 K was measured in this case. The results
suggest that reactivation of the same shear band occurred and is associated with a
change in glass structure along the shear band. Surface sensitive positron annihilation
studies are proposed to elucidate the nature of the change.

Figure 5: Thermal image of a
shear band ahead of a crack tip
loaded under Mode II conditions.
The image is 1.92 mm x 1.92 mm.
The maximum temperature rise
associated with the shear band
formed at K, = 77.3 MPavm was ~
0.5 K9l

Figure 4: Thermal image after a fracture
event. The image is 7 mm x 7 mm, the
stress intensity at initiation was 20.8
MPaVvm, and the maximum temperature
was 22.5 K [8].




Flow Models including Temperature and Stress State Effects

As described above, the effects of mean stress can be included in modified flow
relationships that provide good agreement with measured flow properties. We have also
begun to explicitly include the effect of adiabatic heating from plastic flow in the
fundamental flow relationships for metallic glasses (Fig. 6). Preliminary calculations for
homogeneous flow that include heating in the shear band and subsequent conduction of
the heat to the adjacent material indicate that the softening stress may be decreased by
up to five percent, with the effect being more pronounced at higher strain rates and
higher amounts of initial free volume. Heating causes temperature rises on the order of
ten degrees at the peak stress for the case of homogeneous flow, but only a few
degrees in the case of inhomogeneous flow (Fig. 7). More significant increases in
temperature occur as the bulk metallic glass continues to soften. These models are in
the process of being extended to include localized inhomogeneous flow, where the flow
is localized to a shear band and heat is conducted from the shear band. The intent is to
provide flow relationships that can more accurately predict the onset of catastrophic
softening and the resulting flow behavior of the metallic glass.
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Figure 6: Shear band heat conduction Figure 7: Temperature increases at
model. the peak stress (catastrophic softening
stress).

Characterization of Free Volume with Positron Annihilation Spectroscopy

The free volume of metallic glasses has a significant effect on plastic flow and
other atomic relaxation processes although understanding of the nature and distribution
of the atomic scale free volume in amorphous metals is lacking. We have directly
characterized free volume changes in a bulk metallic glass using positron annihilation
spectroscopy techniques following plastic straining and cathodic charging with atomic
hydrogen [10,11]. First, positron lifetime in the solid, which is a function of the electron
density and thus the amount of “open space” in the material, was found to increase as
predicted by free volume models for plastic flow (Fig. 8). Further, hydrogen charging
decreases lifetime, indicating a decrease in free volume. This is consistent with
hydrogen occupying larger open volume sites and displacing the positron into smaller
open volume regions. Hydrogen charging has been shown to increase both the glass
transition temperature and hardness of the metallic glass, indicating that the atomic
mobility has been suppressed [12]. To the best of our knowledge, these are the first
direct measures of free volume changes following straining or hydrogen charging.




The momentum distribution of the y-radiation resulting from positron annihilation
in the solid provides additional information about the local chemical environment of the
annihilation site. When compared with the stoichiometric proportions of the constituent
elements, these results indicate that the free volume sites are primarily associated with
the larger Zr and Ti atoms, as shown in Figure 9. Additionally, it is clear that plastic
straining causes a slight chemical reordering around the free volume sites. The amount
of Zr at the free volume sites increases by 2-4% at the expense of Ti. The Zr
contribution to the annihilation radiation increased dramatically in a fully crystallized
sample, while the Ti contribution again showed a complimentary decrease. This
significant reordering is expected since the alloy phase separates during the
crystallization process and the type of positron annihilation site changes (e.g. free
volume versus grain boundary). As demonstrated, PAS provides a unique
characterization technique for studying free volume in metallic glasses and will be used
in the continuation program.
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Fracture Toughness and Crack Tip Plasticity

Early examination of the fracture behavior of the bulk metallic glass indicated that
the fracture toughness is 15-20 MPaVvm [8]. However, by utilizing a geometry which
tends to stabilize shear band formation and distribute plastic deformation at the crack tip,
it is possible to achieve fracture toughnesses in excess of 80 MPaVvm [13]. The
distributed damage zone is shown in Figure 10. Shear bands ahead of the crack tip
form an array of branched cracks. By modeling these branches as an array of parallel
cracks under the influence of the stress field associated with the main crack tip, we have
shown that the crack branches propagate at a local stress intensity of ~10 MPavm, in
agreement with earlier single crack measurements and the Taylor meniscus instability
model.




The ability to form stable damage zones is the key to increasing the toughness
and reliability of bulk metallic glasses. The incorporation of second phases is a powerful
method for blocking shear band propagation and increasing stability. Preliminary studies
of a bulk metallic glass composites with a crystalline Zr-Ti-Nb B-phase formed in situ
have increased fracture toughness values of ~ 35 MPavm with extensive stable crack
growth observed during testing (Fig. 11). In the continuation program, we propose to
systematically investigate the fracture toughness and model the toughening mechanism

for a range of BMG composites.

Figure 10: In-situ image of crack tip

branching at an applied stress
intensity of 81 MPaym.  The
displacement rate was 0.5 pm/s.

Fatigue Behavior

The fatigue behavior of bulk metallic
glasses and their composites are of particular
concern for structural applications. Previous
work has indicated that the BMG’s have low
fatigue crack-growth threshold values and
fatigue limits [14]. Fatigue crack-growth rates
appear to be dominated by a fatigue
mechanism that depends on the near tip
plastic displacements, giving rise to a crack
growth exponent of ~ 2. In the present
program, fatigue behavior has been assessed
using both fatigue-life and crack-growth
studies. Studies include both monolithic and
composite BMG materials. For the initial
composite materials examined, fatigue crack-
growth properties were found to be similar to
the monolithic BMG. The reason is that the Ti-
Zr-Nb ductile second phase does not exhibit

Figure 11:
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any fatigue resistance compared to the matrix. As a result, none of the crack shielding
mechanisms that typically increase fatigue crack-growth thresholds operate. Future
studies will concentrate on mechanisms that may be employed to improve fatigue
resistance. In the case of composites, the intent will be will be to study the volume
fraction and morphology of the second phase in order to determine optimum distributions
for improved fatigue resistance.

Environmental and Hydrogen Effects

The structural reliability of engineering materials may be significantly degraded
by interactions with the surrounding environment. Environmentally-enhanced failures
are insidious and depend sensitively on the synergistic interaction of material
composition, mechanical loading conditions and the chemistry of the environmental
species. Hydrogen in many environments represents an effective embrittling species
and its effect on reducing ductility and fracture toughness has been extensively studied.
However, the fundamental mechanisms of embrittlement remain largely unresolved in
structural metallics.

In our previous program, characterization and modeling efforts were aimed at
studying the effects of a number of environments on deformation, fracture resistance
and subcritical-crack growth behavior in BMG’s and their composites. These are
essential elements for life prediction and fracture control schemes for structural materials
as well as to provide guidelines for the development of new materials with improved
reliability. To date, we have investigated the effects of hydrogen on the atomic
relaxation processes that determine the glass transition temperature and crystallization
kinetics, together with a variety of mechanical properties (indentation resistance, fracture
toughness and fatigue crack-growth behavior) as described below [6,10,11 ,12,15,18]:

Relaxation Time and Viscosity

Dynamic mechanical analysis (DMA) was carried with frequency scans in the
glass transition region. Representative DMA results of the as-received specimen are
shown in Figure 13 where loss (E”) modulus is plotted as a function of frequency. At
each temperature, the loss modulus, which is related to the energy dissipation taking
place in the atomic rearrangement process towards equilibrium configuration, shows a
peak. The peak occurs when the laboratory time scale (inversely proportional to the
applied frequency) becomes comparable to the relaxation time during frequency scan.
Therefore, the average relaxation time (1) can be obtained approximately from the
frequency (wp) at which the loss factor exhibits a peak by:

1

T=—
Op

At low temperatures, the peak of loss factor spectrum is not clearly discernible. With
increasing temperature, however, dispersion behavior became more pronounced and
the peak frequency was progressively shifted to higher frequencies indicating
progressively shorter relaxation times with increasing temperature. For small departures
from equilibrium and over limited temperatures, the temperature dependence of the
relaxation time can be approximated by an Arrhenius expression with an apparent
activation energy of Q:
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The relaxation times obtained from the loss factor spectra are presented as a
function of temperature for both as-received and hydrogen-charged specimens in Figure
14. An apparent activation energy of relaxation was obtained by measuring the slope.
As shown in Figure 14, hydrogen charging progressively increases the magnitude and
activation energy of the relaxation time. Since the measurements were made around the
glass transition region, this relaxation time scale corresponds to that of viscous flow or
structural relaxation responsible for the glass transition [16,17]. Therefore, hydrogen
charging retards the atomic rearrangement process for viscous flow resulting in longer
relaxation times and higher viscosity. These results are consistent with the
progressively increasing glass transition temperatures with hydrogen charging in
calorimetry measurements [15,18]

Crystallization Kinetics

In order to examine the effects of hydrogen on crystallization kinetics in detail,
isothermal annealing was performed between the glass transition and onset of
crystallization temperature by heating the sample in the DSC to a desired temperature
with a fast heating rate (80 K/min) and letting the system crystallize isothermally. By
integrating an exothermic peak corresponding to a crystallization event, the time
required for a fixed amount of crystallization was obtained at each annealing
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temperature. At a given annealing temperature, the charged specimen needed longer
time (tos) for 50 % crystallization compared to the as-received specimen. The
temperature dependence of the rate of crystallization (~1/ t,5 ) can be approximated by

an Arrhenius expression:
L exp[_ Q
tos RT

where Q is an apparent activation energy of crystallization. Although the overall rate of
crystaliization is retarded over the entire annealing temperature range, the activation
energy was similar. Similar trends were observed for the secondary crystallization
event.

Although direct correlation of viscosity to crystallization kinetics is not clear since
the temperature range employed in this study (674 ~ 719 K) falls into the regime where
the decoupling of diffusion of mid-sized and small atoms occurs from the viscosity,
increased viscosity is likely to have retarding effects on crystallization through possibly
retarded mobility of large atoms (Zr and Ti) whose time scale of diffusion still scales with
that of viscous flow [19].

Effects of Hydrogen on Fracture and Fatigue Properties

As noted above, hydrogen charging 10
significantly increased the glass transition and
crystallization temperatures indicating
significant effects on atomic relaxation and
diffusion processes. Fracture toughness was
also significantly degraded [12,15]. However,
fatigue crack-growth rates were significantly " g
retarded with hydrogen charging and fatigue [ 44
threshold values were increased markedly 107 { h
(Fig. 15). The effect is associated with b3
increases in fatigue crack closure in hydrogen e "

Zr-Ti-Ni-Cu-Be
25Hz, R=0.1
RT & room air

.

*

-

/""‘J
o as-recw m%%mmﬁg
s 8

Crack Growth Rate, da/dN (m/cycle)
5

charged samples. T . 10

Applied Stress Intensity Range, AK (M Pavm)

The intent of our continuing research

will therefore be to identify microstructural

changes associated with hydrogen and other

deleterious environmental species and to

explain their effect on deformation, fracture

resistance and subcritical crack-growth
behavior.

Figure 15: Fatigue crack-growth
rates are retarded after hydrogen
charging, however, fracture
toughness values decrease.
Decreased fatigue crack-growth
rates are associated with increasing
levels of crack closure.
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